Reversible assembly of the V0V1 holoenzyme from V0 and V1 subcomplexes is a widely used mechanism for regulation of vacuolar-type H ؉ -ATPases (V-ATPases) in animal cells. In the blowfly (Calliphora vicina) salivary gland, V-ATPase is located in the apical membrane of the secretory cells and energizes the secretion of a KCl-rich saliva in response to the hormone serotonin. We have examined whether the cAMP pathway, known to be activated by serotonin, controls V-ATPase assembly and activity. Fluorescence measurements of pH changes at the luminal surface of isolated glands demonstrate that cAMP, Sp-adenosine-3,5-cyclic monophosphorothioate, or forskolin, similar to serotonin, cause VATPase-dependent luminal acidification. In addition, V-ATPasedependent ATP hydrolysis increases upon treatment with these agents. Immunofluorescence microscopy and pelleting assays have demonstrated further that V1 components become translocated from the cytoplasm to the apical membrane and V-ATPase holoenzymes are assembled at the apical membrane during conditions that increase intracellular cAMP. Because these actions occur without a change in cytosolic Ca 2؉ , our findings suggest that the cAMP pathway mediates the reversible assembly and activation of V-ATPase molecules at the apical membrane upon hormonal stimulus.
T he vacuolar-type H
ϩ -ATPases (V-ATPases) are multisubunit heteromeric complexes that are organized into two domains, designated V 0 and V 1 (1) (2) (3) (4) . V 0 forms a membranespanning proton-translocating complex; in yeast, it is composed of at least five different subunits termed a, c, cЈ, cЉ, and d, of which subunit c binds bafilomycin A 1 , a specific inhibitor of V-ATPases (5) (6) (7) (8) . The V 1 sector is attached to the cytoplasmic side of the V 0 sector, consists of at least eight different subunits termed A-H, and contains catalytic and noncatalytic ATPbinding sites. V-ATPase is vital for almost every eukaryotic cell and fulfils a variety of functions. On intracellular acidic membrane systems, such as endosomes, lysosomes, and synaptic vesicles, these proton pumps are involved in protein sorting during biosynthetic and endocytotic pathways, zymogen activation, and transmitter uptake, respectively (3, 4) . V-ATPase molecules in the plasma membrane of animal cells, especially on the apical plasma membrane of epithelial cells, contribute to intracellular pH homeostasis, extracellular acidification, or alkalinization, or they energize the plasma membrane for secondary transport processes (3, 4) .
In some cells, V-ATPase requires a considerable amount of energy. For reasons of economy, it is thus favorable if V-ATPase activity is adapted to the physiological needs of the cell. Several regulatory mechanisms have been identified (1, 2, 4, 9) . One of these is the reversible dissociation of the V 1 sector from the V 0 sector, as revealed by experiments performed in yeast, midgut epithelial cells of the tobacco hornworm Manduca sexta, mammalian dendritic cells, and renal epithelial cells (10) (11) (12) (13) (14) (15) (16) . In the dissociated state, V-ATPase is inactive as the V 1 domain does not show ATPase activity under physiological conditions, and the V 0 domain does not translocate protons (14, 17, 18) . Although reversible assembly is a widely used mechanism for V-ATPase regulation, the signaling cascades that trigger VATPase dissociation and reassembly remain unclear.
The blowfly salivary glands have unique morphological and physiological properties that enable the analysis of the modes of V-ATPase regulation. The secretory segments of the tubiform salivary glands consist of a single layer of uniformly differentiated epithelial cells that enclose a central lumen. The apical membrane of the secretory cells has a dense coat of V-ATPase molecules (19) and is highly enlarged by elaborate infoldings, termed canaliculi, that are lined by sheet-like microvilli (20) . The activity of the proton pump is thought to establish, across the apical membrane of the secretory cells, an electrochemical gradient that is then used to drive Cl Ϫ flux via Cl Ϫ channels and K ϩ transport by a putative K ϩ ͞nH ϩ exchanger, resulting in a KCl-rich primary saliva (19) . V-ATPase activity in blowfly salivar y glands is under the control of serotonin (5-hydroxytryptamine, 5-HT), the hormone that elicits salivation. 5-HT stimuli induce both the assembly of V 0 and V 1 sectors to V-ATPase holoenzymes and an increase in V-ATPasedependent hydrolytic activity (19) .
The purpose of this study was to determine the second messenger system that provides the link between 5-HT receptor activation and V-ATPase regulation. It has been well established that the binding of 5-HT to its receptors on blowfly salivary gland cells induces the production of cAMP and the formation of inositol trisphosphate, the latter resulting in a rise in cytosolic Ca 2ϩ concentration and an increase of Ca 2ϩ -dependent Cl Ϫ conductance (21) (22) (23) (24) (25) (26) (27) (28) . Here, we focus on the question of whether the cAMP pathway carries the information regarding 5-HT receptor activation to the V-ATPase.
Results
cAMP Induces H ؉ Transport Across the Apical Membrane. It has been demonstrated previously that superfusion of glands with 10 mM cAMP leads to a monophasic change in the transepithelial potential, with an increase in lumen positivity (29) (30) (31) . This finding suggested that increases in the intracellular cAMP level stimulate cation transport into the lumen of the salivary gland.
To examine directly whether the cAMP pathway stimulated V-ATPase-dependent proton transport across the apical membrane, luminal pH changes were determined by ratiometric fluorescence measurements on isolated salivary glands with 5-N-hexadecanoyl-aminofluorescein (HAF) injected into their lumen. The palmitoyl chain of this molecule inserts into the outer leaflet of the plasma membrane, and its pH-sensitive fluorescent moiety is then exposed on the luminal surface (32) . Superfusion of the glands with a saturating concentration of 5-HT led to a reversible, monophasic luminal acidification, as indicated by the decrease in the fluorescence ratio (Fig. 1) . 5-HT-induced luminal acidification was confirmed by measurements with pHsensitive microelectrodes and was almost completely abolished by concanamycin A (J.R., B.W., and O.B., unpublished data), a specific inhibitor of V-ATPase (6) . Similarly, exposure to 10 mM cAMP ( Fig. 1 A) , 200 M Sp-adenosine-3Ј,5Ј-cyclic monophosphorothioate (Sp-cAMPS) (Fig. 1B) , a hydrolysis-resistant cAMP analogue (33) , or 100 M forskolin (Fig. 1C) , an activator of adenylyl cyclase (34) , consistently caused a decrease in the HAF fluorescence ratio. After washout of these substances, fluorescence ratio recovered to the prestimulus value within 2-3 min. The effect of forskolin was prevented by pretreatment with concanamycin A (Fig. 1D) , demonstrating that the cAMPdependent luminal acidification was mediated by V-ATPase.
cAMP Causes Activation of V-ATPase Activity. To determine whether cAMP stimulates V-ATPase activity, we homogenized salivary glands and measured the total ATPase activity within the homogenate and the ATP hydrolytic activity that was sensitive to bafilomycin A 1 , a specific inhibitor of V-ATPase (5, 6). Treatment of salivary glands with cAMP resulted in a highly significant increase in total ATPase activity by Ϸ8.6 nmoles P i per gland per hour ( Fig. 2A) . Bafilomycin-sensitive V-ATPasedependent ATP hydrolysis was almost doubled in the presence of cAMP and accounted for the majority of the cAMP-induced rise in total ATPase activity. Similar results were obtained from salivary glands incubated with Sp-cAMPS or forskolin (Fig. 2 A) . The cAMP pathway may act directly on V-ATPase and consequently boost its hydrolytic activity in salivary gland homogenates. Alternatively, the cAMP-dependent pathway may activate a putative K ϩ ͞nH ϩ exchanger within V-ATPasecontaining membrane vesicles and, thus, enhance V-ATPase hydrolytic activity indirectly. To distinguish between these possibilities, ATPase assays were performed on tissue homogenates preincubated with 50 g͞ml ␤-escin to permeabilize vesicular membranes. This process should have provided a shunt for a proton flux across the membrane and, thus, functionally eliminated a putative K ϩ ͞nH ϩ exchanger. In the presence of ␤-escin, V-ATPase-dependent hydrolytic activity was increased Ϸ2-fold (Fig. 2B ). This result was expected provided that vesicles could adopt two configurations stochastically during tissue homogenization, namely inside-out or right-side-out. Hence, only half of the V-ATPase molecules should have had access to ATP in the case of an intact vesicle preparation but all V-ATPase molecules should have contributed to ATP hydrolysis in the case of permeabilized vesicles. The addition of forskolin to ␤-escintreated homogenate resulted in a further increase in V-ATPase hydrolytic activity (Fig. 2B ), providing evidence that the cAMP pathway acted directly on V-ATPase.
cAMP Induces Assembly of the V-ATPase Holoenzyme. We have demonstrated previously that the majority of V-ATPase molecules in nonstimulated blowfly salivary glands are dissociated into V 0 and V 1 sectors and exposure to 5-HT induces the assembly of V 0 V 1 holoenzymes (19) . To examine whether the cAMP-dependent increase in V-ATPase activity is accompanied by V-ATPase assembly, salivary glands were exposed to cAMP, Sp-cAMPS, or forskolin and homogenized, and the membranes were pelleted. The relative distribution of V 0 and V 1 sector components between the pellet and the soluble fraction was then determined by Western blot analysis (Fig. 3A) .
In control glands, 95-100% of the V 0 components subunit a and subunit d but only Ϸ30% and Ϸ43% of the V 1 components subunit A and subunit E, respectively, were recovered with the pellet (Fig. 3 B-E), suggesting that the majority of V 1 sectors are not incorporated into V-ATPase holoenzymes under these conditions. Upon exposure to Sp-cAMPS or forskolin, the relative amount of subunits A and E within the pellet fraction was significantly enlarged and accounted for 63-68% of the total amount of these proteins ( Fig. 3 D and E) , indicative of the recruitment of V 1 sectors to the membrane and the assembly of V-ATPase holoenzymes. In the case of cAMP, however, we did not observe a significant change in the relative amount of subunits A and E within the pellet fraction (Fig. 3B) . Because V-ATPase holoenzyme assembly is a reversible process (10-14), we reasoned that this discrepancy in results might be caused by cAMP hydrolysis and disassembly of V-ATPase holoenzymes during the course of the experiment, from tissue homogenization until the end of ultracentrifugation; forskolin, in contrast, may continuously activate adenylyl cyclase and thus provide a high concentration of cAMP during the entire experiment, and Sp-cAMPS is resistant to hydrolysis (33) . To examine this possibility, solutions were supplemented with 3-isobutyl-1-methylxanthine (IBMX), an inhibitor of phosphodiesterase. Under these conditions, cAMP led to an enrichment of subunits A and E within the pellet fraction (Fig. 3C ), supporting the above hypothesis. We thus conclude that the assembly status of VATPase is under the control of cAMP, with increases in cAMP concentration leading to an assembly of holoenzymes.
cAMP Induces a Recruitment of V-ATPase Subunits to the Apical Membrane. To determine whether cAMP-induced assembly of V-ATPase is accompanied by a translocation of its subcomplexes, cryosections were labeled with antibodies against subunit d (V 0 domain) and subunit B (V 1 domain). In control cells, V 0 component subunit d was highly concentrated at the apical membrane (Fig. 4 A and B) that was identified by intense labeling for actin (Fig. 4 E and F) (19, 26) . In addition, numerous vesicular structures scattered throughout the cell were stained for subunit d, but these structures contained only a minor fraction (10-20%) of the total staining intensity for subunit d. V 1 component subunit B, in contrast, appeared to be homogeneously distributed in the cytoplasm of nonstimulated cells, being only slightly enriched on the apical membrane (Fig. 4 C  and G) . In cAMP-treated (data not shown) or forskolin-treated glands (Fig. 4 B, D, F, and H) , cytoplasmic staining for subunit B was highly reduced and the apical membrane was highlighted by intense labeling for subunit B and subunit d, suggesting that V 1 subcomplexes translocated from the cytoplasm to the apical membrane. Moreover, the number of vesicular structures with V 0 staining appeared to be reduced in cAMP-or forkolintreated cells (Fig. 4B) , indicating that some of these membranes became integrated into the apical membrane upon stimulation. Notably, most of these vesicular structures were not enriched for subunit B even in forskolin-treated cells (Fig. 4 D and H Insets) , suggesting that they contained only V 0 domains. Because cAMP is reported to affect intracellular Ca 2ϩ signaling and may even induce Ca 2ϩ mobilization in various cell types (35, 36) , we have determined whether effectors on the cAMP pathway cause a rise in cytosolic Ca 2ϩ in blowfly salivary glands. Fig.  5 shows that cAMP did not elevate cytosolic Ca 2ϩ , whereas a subsequent stimulus with 5-HT evoked a rapid Ca 2ϩ response. Identical results were obtained with Sp-cAMPS and forskolin (data not shown). These results demonstrate that cAMP-induced assembly and enhancement of V-ATPase hydrolytic activity occur without cytosolic Ca 2ϩ elevation.
Discussion
Reversible dissociation of the V-ATPase complex into its component V 0 and V 1 domains is an important mechanism for regulation of V-ATPase activity in various systems. In yeast, in which this process has been studied most comprehensively to date, V-ATPase dissociation occurs upon glucose deprivation and does not involve any conventional signaling pathways that are known to be activated by glucose depletion, such as the protein kinase C pathway and the Ras-cAMP pathway (10, 13, 37) . Instead, recent studies suggest that the glycolytic enzyme aldolase may act as a glucose sensor and mediate V-ATPase assembly by binding simultaneously to V 0 and V 1 sector proteins (38) . In midgut epithelial cells of M. sexta larvae, another model system for analyzing the structure and function of V-ATPase, reversible V-ATPase dissociation occurs during starvation or moulting (11, 12) . However, the signaling pathways that induce and regulate V-ATPase assembly͞disassembly are unclear. We have recently shown that the blowfly salivary gland represents another example of V-ATPase regulation via a reversible assembly process (19) . V-ATPase assembly occurs in this system shortly after receiving a hormonal signal and this organ is accessible to various biochemical and physiological techniques, including pH measurements with fluorescent dyes in distinct compartments. Thus, the blowfly salivary gland may serve as a valuable model for analyzing the mechanisms involved in this mode of V-ATPase regulation. Upon a stimulus with 5-HT (the hormone that regulates salivation of the blowfly), the amount of cytosolic V 1 components decreases, whereas the amount of membrane-associated V 1 components and the hydrolytic activity of V-ATPases increase in parallel (19) . The findings reported here show that the cAMP pathway provides the link between activated 5-HT receptor molecules on the basolateral side of the epithelial cells and the reversible assembly and activation of V-ATPase molecules on the apical membrane domain.
All pharmacological interventions that lead to an elevation in the intracellular cAMP concentration fully mimic the effects of 5-HT with respect to the assembly status and the hydrolytic and proton-pumping activity of V-ATPase. First, pH measurements at the luminal surface with the f luorescent membraneintegrating dye HAF have demonstrated a reversible acidification of the luminal space in response to cAMP, Sp-cAMPS, or forskolin. Inhibition by concanamycin A has confirmed that the cAMP-induced luminal acidification was caused by H ϩ transport across the apical membrane by means of V-ATPase. Second, these substances consistently lead to an increase of Ϸ2-fold in V-ATPase-dependent ATP hydrolysis and a parallel 2-fold increase in the amount of membrane-associated V 1 components, indicative of the assembly of V 0 V 1 holoenzymes. Finally, cAMP or forskolin treatment resulted in a translocation of V 1 component subunit B from the cytoplasm to the apical membrane, supporting the conclusion that V 0 V 1 holoenzymes become assembled on the apical membrane in a cAMP-dependent manner.
The results of our pelleting assays with cAMP alone, in particular, the lack of an increase in the amount of membraneassociated V 1 components under these conditions, may appear puzzling and to contradict the above notion of a cAMPinduced V-ATPase assembly. However, we present evidence suggesting this result reflects the hydrolytic activity of phosphodiesterases during the pelleting assay and the reversibility of V-ATPase assembly. In the presence of IBMX, an inhibitor of phosphodiesterases, cAMP led to an increase in the amount of membrane-associated V 1 components, similar to forskolin or the hydrolysis-resistant cAMP analogue Sp-cAMPS. Moreover, immunofluorescence microscopy has demonstrated a cAMPinduced translocation of subunit B from the cytoplasm to the apical membrane, indicative of V-ATPase assembly in the intact salivary gland.
V-ATPase is not restricted to the apical membrane but can also be detected on intracellular acidic organelles (3, 4) . Indeed, immunof luorescence microscopy has visualized intracellular vesicular structures with staining for subunit d. However, most of these structures lacked staining for V 1 subunit B and may thus represent an intracellular reserve pool of V 0 sectors rather than acidic organelles that require functional V-ATPase. Support for this interpretation was provided by our finding that vesicular V 0 staining decreased upon forskolin treatment, suggesting that these structures are translocated and integrated into the apical membrane in a cAMPdependent manner. Notably, these intracellular V 0 -containing structures were short of subunit B staining even upon forskolin treatment, although the cytoplasmic pool of subunit B was highly reduced. V 1 components may thus preferentially associate with V 0 sectors in the apical membrane.
Regulation via the cAMP pathway seems to be a widespread mechanism for the control of V-ATPase activity. Evidence has been presented that cAMP activates an apical V-ATPase in Drosophila Malpighian tubules (39, 40) and the gill epithelium of the crab Eriocheir sinensis (41) . Moreover, pH regulation in rat epididymis is mediated by V-ATPase and regulated by a bicarbonate-activated soluble adenylyl cyclase (42) . In all of these examples, however, the mode of V-ATPase regulation involves either the cycling of V-ATPase molecules between an intracellular vesicular pool and the plasma membrane (42) or is still undisclosed. Thus, we have identified the second messenger that controls reversible V-ATPase assembly in an animal cell. For the downstream mechanisms activated by cAMP and leading to V-ATPase assembly and activation, two scenarios might be considered a priori: (i) activation of protein kinase A and phosphorylation of V-ATPase subunits or VATPase-interacting proteins; and (ii) activation of EPAC (exchange protein directly activated by cAMP) (43, 44) , followed by EPAC-catalyzed exchange of GDP for GTP on Rap-like small G proteins that may then either bind to V-ATPase subunits or interacting proteins or activate downstream protein kinases (45) .
In addition to the increase in cAMP concentration, 5-HT induces, via the phospholipase C͞inositol trisphosphate pathway, a rise in cytosolic Ca 2ϩ concentration in the blowfly salivary gland (22) (23) (24) 27) . This finding raises, in principle, the possibility that the latter pathway contributes to the regulation of VATPase assembly and͞or activity in vivo. Because our pharmacological interventions that led to an elevation of intracellular cAMP concentration occur without a change in cytosolic Ca 2ϩ concentration, our findings at least demonstrate that the cAMP pathway is sufficient for V-ATPase regulation. We cannot exclude, however, that the phospholipase C͞inositol trisphosphate͞Ca 2ϩ pathway plays a modulatory role in regulating V-ATPase assembly and͞or activity.
Materials and Methods
Animals and Preparation. Blowflies (Calliphora vicina) were reared at the Universität Potsdam. One to four weeks after the eclosion of the flies, the abdominal portions of their salivary glands were dissected and used for experiments. Physiological saline (PS) contained 128 mM NaCl, 10 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 2.7 mM Na-Glu, 2.7 mM malic acid, 10 mM Glc, and 10 mM Tris⅐HCl (pH 7.2).
Reagents. Antisera against the following proteins were used: bovine V-ATPase subunits A and E (46), Culex quinquefasciatus V-ATPase subunit B (47), and M. sexta V-ATPase subunits a and d (provided by H. Wieczorek, Universität Osnabrück, Osnabrück, Germany). The cross-reactivity of these antisera with the corresponding Calliphora V-ATPase subunits has been demonstrated (19) . Monoclonal anti-actin (clone C4) was purchased from MP Biomedicals (Irvine, CA). Horseradish peroxidase-conjugated secondary antibodies were obtained from American Qualex (La Mirada, CA), and f luorophore-tagged secondary antibodies were from Dianova (Hamburg, Germany) or Invitrogen. Fura-2 acetoxymethyl ester and HAF (20 mM stock solution in DMSO) were obtained from Invitrogen. The following inhibitors and stimuli were used at the concentrations indicated, unless otherwise stated: 5-HT (30 -100 nM) and concanamycin A (1 M) were from Sigma. cAMP (10 mM) and IBMX (500 M) were from Serva. Sp-cAMPS (200 M) was from Tocris Bioscience (Avonmouth, U.K.). Forskolin (100 M) was from Axxora (Grünberg, Germany).
Microfluorometric Measurements of Luminal pH. For monitoring pH changes at the luminal surface of the secretory cells, we adapted a microf luorometric method that was previously used on guinea pig colonic epithelium (32) . The fatty acyl chain of this dye integrates into the outer leaf let of the plasma membrane, and its pH-sensitive f luorescent moiety faces then the extracellular space (32) . Salivary glands were attached to the Cell-Tak-coated (BD Biosciences, San Jose, CA) surface of a glass-bottom perfusion chamber that was then placed on a Zeiss Axiovert 135 inverted microscope. A microelectrode filled with 30 M HAF in PS was inserted through the open end of the tubule into the lumen of the salivary gland, and HAF solution was pressure-injected into the lumen by using a pneumatic picopump (PV820; World Precision Instruments, Sarasota, FL). Confocal imaging has confirmed that HAF inserts into the apical membrane of the secretory cells and remains restricted to the luminal surface (J.R., B.W., and O.B., unpublished data). HAF f luorescence was alternately excited through a Zeiss ϫ20 Fluar, 0.75 numerical aperture objective at wavelengths 410 and 470 nm provided by a xenon arc lamp and a VisiChrome monochromator unit (Visitron Systems, Puchheim, Germany). After passage through a 515 long-pass filter, the emitted light was recorded with a cooled chargecoupled device camera (CoolSnap HQ; Photometrics, Tucson, AZ), digitized, and transferred to a personal computer for off line calculation of the f luorescence ratio at 470-and 410-nm excitation (F 470 ͞F 410 ratio) with the imaging software METAFLUOR 6.1 (Universal Imaging, Downingtown, PA). A decrease in F 470 ͞F 410 ratio ref lects an acidification, and an increase in F 470 ͞F 410 ratio represents an alkalization (32).
V-ATPase Activity Assays. Glands were isolated and divided into two pools; the experimental group was incubated for 3 min (5-HT), 5-6 min (cAMP; forskolin), or 10-12 min (Sp-cAMPS) with the respective agent diluted in PS. Subsequently, the glands were homogenized on ice in buffer A (0.3 M sucrose͞0.1 mM EGTA͞ 0.1% ␤-mercaptoethanol͞0.1 M imidazol, pH 7.2), supplemented with a mixture of protease inhibitors (Sigma) and the respective test reagent (0.1 mM cAMP, 200 M Sp-cAMPS, or 100 M forskolin). Okadaic acid (1 M) was added as a protein phosphatase inhibitor to preserve the phosphorylation status of proteins within the homogenate in case cAMP led to V-ATPase phosphorylation. The control group was bathed for an equal amount of time in PS and then homogenized in buffer A supplemented with protease inhibitors. All further conditions, including the determination of P i as a phosphomolybdate complex (48), were as described (19) . In the case of ␤-escin treatment, the homogenate was preincubated for 10 min with 50 g͞ml ␤-escin before starting the hydrolytic reaction by the addition of ATP.
Pelleting Assays. For assessing the assembly state of V-ATPase, salivary glands were incubated in PS containing the respective pharmacological agent, as described above. Control glands were then homogenized on ice in extraction buffer (70 mM sucrose͞50 mM KCl͞20 mM DTT͞50 mM Tris, pH 7.2͞protease inhibitor mixture), whereas experimental glands were homogenized in extraction buffer supplemented with the respective reagent (0.1 mM cAMP, 200 M Sp-cAMPS, or 100 M forskolin) and 1 M okadaic acid. The homogenates were then centrifuged for 30 min at 150,000 ϫ g at 4°C to separate the membranes from the cytosolic fraction. Samples were resuspended in reducing sample buffer (Carl Roth, Karlsruhe, Germany) and heated for 5 min to 60°C. SDS͞ PAGE, Western blotting, immunostaining, and densitometric analysis of immunolabeling were performed as described (19) .
Immunofluorescence Staining of V-ATPase and Confocal Microscopy.
Control and forskolin-treated glands were fixed, cryosectioned, and labeled as described (19) , except that sections were pre-
